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Anotace 
Tato práce se zaměřuje na přípravu a charakterizaci polypyrrolových vrstev na různých 
substrátech. Příprava polypyrrolových vrstev probíhala jednoduchou metodou za 
použití chloridu železitého jako oxidačního činidla na několika typech substrátu – 
sodnovápenatém skle, polyethylentereftalátové folie a křemíkové desce. U 
připravených vrstev byla změřena jejich vodivost a dále byly charakterizovány pomocí 
optického mikroskopu a Ramanovy spektroskopie. Vytvořením série 
modelů molekulárním modelováním a jejich následnou optimalizací bylo možné 
vypočíst a srovnat interakční energie polypyrrolových vrstev na použitých substrátech. 
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Annotation 
This work focuses on preparation and characterisation of polypyrrole layers on 
different substrates. The preparation of polypyrrole layers was carried out by a simple 
method using ferric chloride as an oxidising agent on several types of substrates - soda 
lime glass, polyethylene terephthalate foil, and the silicon wafer. The conductivity of 
the prepared layers was measured, they were then further characterised by an optical 
microscope, and Raman spectroscopy. By creating a series of models with molecular 
modeling and their subsequent optimisation, it was possible to calculate and compare 
the interaction energy of polypyrrole layers on the used substrates. 
Keywords: polypyrrole, layers, molecular modeling. 
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Introduction 
This thesis focuses on preparation, characterisation, and comparison of polypyrrole 
films on different substrates. The very first step of this work was a literature study of 
the layers´ preparation method to find the easiest and most efficient one. A simple 
method, which is described furtherly, was used to prepare samples with several 
amounts of polypyrrole. Conductivity was measured for the prepared samples, and 
they were also analysed with 3D optical microscopy and other instrumental techniques 
(Raman spectroscopy and Scanning electron microscopy). Subsequently, the Materials 
Studio software was used for building and further processing of atomistic models of 
prepared samples. The built atomistic models were used to calculate the adhesive 
energy of polypyrrole layers to individual substrates. Finally, the samples were 
compared according to their conductivities and interaction energies to determine the 
best samples. 
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1. Theoretical part 
2.1 Conducting polymers 
Polymers consist of repeated constitutional units (mers) and form long chains. 
Common polymers (for example polyethylene or polyvinylchloride) are not able to 
lead electric current and are used as electrically insulating materials. However, there 
exists a group of polymers which allows electricity to pass through it. Conducting 
polymers (e.g., polyaniline, polypyrrole or polyacetylene) have contrasted to the other 
polymers, their ability to lead electric current – their electrical conductivity. They are 
composed of a system of conjugated double bonds which, together with the presence 
of charge carriers, are preconditions for electrical conductivity [1].   
The equally shared feature in the structure of conducting polymers is polyconjugation 
in the π-system of their backbone. The conducting polymers (also termed synthetic 
metals) are polyconjugated – which own electrical properties of metals while keeping 
the mechanical properties and processability of formal polymers. They achieve high 
conductivity because of incorporation of small concentrations of dopants into the 
matrix of the original polyconjugated polymers that have conductivity in the range 
from 10-10 to 10-5 S∙cm-1. The end materials have conductivities from 1 to 105 S∙cm-1 
that are typical for semiconductors or metals [2].  
Nowadays, conducting polymers are renowned materials that have a wide variety 
of use [3].  
 
2.1.1 Polypyrrole 
Lately, conducting polymers have been studied as advanced materials. Among the 
numerous conducting polymer, polypyrrole (PPy) is by far the most extensively 
studied, which is due to its ease of synthesis, good redox properties, stability in the 
oxidized form, ability to give high electrical conductivity, commercial availability and 
useful electrical and optical properties [4]. Oligomer products were acquired by 
chemical oxidation of pyrrole in 1887. The fact that pyrrole polymerizes in acidic 
environment by oxidation with hydrogen peroxide to form an insoluble “pyrrole black” 
was published in 1916. Pratesi [6]shows the composition of PPy C4.00–4.5 H3.0–4.5 N1.0 
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O1.0–1.5. It is evident that the structure shown in Fig. 1 represents an ideal form of PPy, 
without the presence of oxygen [5].  
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Fig. 1 Polypyrrole chain. 
 
2.1.2 Properties of polypyrrole  
Pyrrole black is a product of chemical oxidation of pyrrole. Many of PPy properties 
are studied on electrochemically prepared PPy thin films. Precursors (dopant, solvent – 
in electrochemical polymerisation) used for the preparation of PPy also have an impact 
on electrical conductivity [2]. The stability in the air is comparatively high. Therefore, 
their degradation occurs only above 150 – 300 °C (according to the dopant anion). The 
thermal analysis affirms that the PPy is thermally stable below 250°C and above this 
temperature, the rate of weight loss enhances and becomes very fast from above 600°C 
[6].  The thermal degradation of PPy begins with the decomposition or decrease of 
used dopant. Another deprotonation (or subsequent decrease of dopant) at higher 
temperatures always goes together with a formation of structures of imine shape in the 
polymer [2]. 
The PPy is without definite shape and commonly gives just a diffuse halo in X-ray 
diffraction patterns. The electron diffraction experimental data revealed that there are 
up to 15% (of the whole volume) of crystalline domains in the bulk of amorphous PPy 
and that the crystalline regions´ lattice is monoclinic. That means that nitrogens in 
pyrrole rings are oriented in opposite directions (Fig. 2) [2]. 
 
Fig. 2 Orientation of pyrrole rings [2]. 
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The obtained data from nuclear magnetoresistance analysis and infrared spectroscopy 
of the products of oxidative decomposition of PPy demonstrate that pyrrole rings 
connect in α–α´ positions. This conclusion confirms by the fact that α–
substituted pyrrole derivatives do not polymerise upon oxidation. The theoretical 
calculations indicate that a certain amount of bonds is formed in β – positions [2].  
The PPy chains are planar, and they are arranged in layers parallel to the substrate 
surface (the distance between plains is 0.341 nm). The PPy chains in the plain are not 
oriented. The anions of the dopant fill in the interplanar space between the PPy chains. 
The electrostatic interactions between oxidised PPy chains and dopant anions happen 
through the π–system of the rings rather than through heteroatoms of the rings (shows 
the X-ray photoelectron spectroscopy). The electron diffraction´s data shows that in 
the film the polymer chains are order into layers. The fast charge transfer along the 
polymer chains and the rapid exchange between the macromolecules are related to 
studies of conductivity which also indicates that polymer chains are, to a certain 
amount, ordered. The degree of polymer ordering influences the PPy conductivity 
heavily. X-ray diffraction showed that a presence of multi-charged anions in the 
process of preparation of the PPy films has a different effect on the regularity of the 
film (films are more ordered) than a presence of single-charged anions [2]. 
PPy is insoluble in organic solvents which is a troublesome problem for the 
measurement of its molecular mass [2].  
The mechanism of charge transport is a particular subject of interest in PPy 
conduction. The charge carriers are polarons and bipolarons, and doping forms them. 
From the chemical point of view, the formation of a polaron is the same to the creation 
of a radical cation (Fig. 3), and formation of a bipolaron is the same to the formation of 
a dication (Fig. 4) [2]. 
 
Fig. 3 Polaron [2]. 
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Fig. 4 Bipolaron [2]. 
 
The polaron and bipolaron are lengthened structures that spread over three to four 
monomer units of the chain. The calculations of the energies demonstrated that the 
formation of a bipolaron requires 0,45 eV less than the creation of two polarons [2]. 
The spectroelectrochemical measurements revealed that polarons in PPy are stable 
species and their maximum concentrations are between 80% and 90% [8]. Further 
investigation of PPy using in situ impedometry demonstrated that polarons and 
bipolarons equally contribute to conductivity, being charge carriers with the same 
mobility [9]. 
Particular interest is placed on interchain interactions and the charge transfer. The 
dopant, used in synthesis, compensates the charge of free charge carriers and also 
amplifies the probability of interchain charge transfer because of significant overlap of 
dopant’s atomic orbitals with the π–orbitals of the atoms of carbon. The conductivity 
along the surface is for the most part higher than perpendicular because the polymer 
chains are primarily oriented parallel to the film surface. There also exist records 
that the conductivity increases with decreasing temperature (which is a behaviour 
intrinsic to metals). The conditions of polymers’ synthesis massively affect 
their conductivity. Significant changes in conductivity usually appear in the earlier 
phases of doping, and its additional increase negligible [2].  
The conductivity of PPy films can shift by several decimal orders and is dependent on 
the anion used in the synthesis. In most cases, the conductivity is higher for anions that 
share lower nucleophilicity. When stored in air, the PPy films start to lose their 
conductivity (the conductivity of the films with large organic anions is reducing more 
slowly) [2]. 
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2.1.3 Synthesis of polypyrrole 
The electrochemical way of preparation of PPy has been discovered after 1979 as 
a part of important development of conducting polymers. PPy has been prepared from 
monomer solution in acetonitrile or propylene carbonate with low water content in the 
presence of dopant (e.g. tetramethylammonium tetrafluoroborate). A film, which 
conductivity reached up to 100 S·cm–1, was created on platinum electrode [10]. Further 
study revealed that it is a polymer containing pyrrole cores connected in α and 
α´ positions to the polymer chain [6]. 
Papers that describe electrochemical synthesis of PPy in aqueous solutions have been 
published in 1982. Nevertheless, the mechanism of electrochemical polymerisation of 
pyrrole is not fully understood. A creation of pyrrole cation radical assumes to be the 
very first step. Afterwards, it reacts with another created cation radical to form a dimer 
while eliminating two protons. The propagation of the chain proceeds like 
a recombination of a dimer radical with other cation radicals for simultaneous 
deprotonation [6]. 
In comparison, chemical polymerization of pyrrole is more productive than 
electrochemical polymerization. In order to obtain higher amount of product with high 
conductivity, many laboratories are working on improving the process of chemical 
polymerization of pyrrole. Chemical way of preparation uses vide range of oxidizing 
agents – e.g. here used ferric chloride (preferred also in application for higher 
conductivity of prepared PPy) or other like ammonium peroxydisulfate, hydrogen 
peroxide, and different kind of salts containing ions of transition metals (e.g. Cu2+, 
Cr6+, Ce4+, Fe+3, Ru3+, and Mn7+) [6].  
The Fig. 5 shows reaction scheme for the chemical polymerization of pyrrole. In the 
first steps (a, b), pyrrole is transformed into its radical cation after oxidation and then 
two such radicals form a pyrrole dimer (c). Pyrrole dimer is then oxidized again to 
form a pyrrole dimer cation (d). Lastly, large number of pyrrole dimer cations interact 
with radical cations to form the polymer chain of PPy (e) [11]. 
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Fig. 5 The reaction mechanism of chemical polymerization of pyrrole [11]. 
Thin films of PPy are preferably deposited on hydrophobic surfaces from diluted 
aqueous solutions of the polymerizing monomer [12].  
 
2.1.4 Utilization of polypyrrole thin films 
According to first electrochemical studies, PPy thin films can be, thanks to their great 
stability, used like non-metal electrodes [2]. Its biocompatibility together with great 
stability provides a great environment for growing nerve tissues. The doping anion in 
polypyrrole plays a key role in determining the physical and chemical properties of 
this conductive polymer. Other properties of the doping anion include the ability to 
incorporate and release the neurotrophin protein - neurotrophin-3. The 
multidimensional role of the dopant is critical for ensuring optimal performance of 
polypyrrole when used as a platform for nerve growth. The effect on compatibility of 
the dopant used in the electrochemical synthesis of polypyrrole with the primary 
auditory nerve tissue is considered and compared to some of the physical properties of 
the films. Significant differences in the controlled release properties of the films were 
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also observed. The ability of polymers to increase nerve growth and their survival in 
vitro with the release of neurotrophin-3 (NT-3) is a function of both nerve tissue 
compatibility and the ability of the polymer to release sufficient neurotrophic protein 
to affect cell growth. Para-toluenesulfonate (pTS) is a small synthetic dopant that 
works favourably in both aspects and has proven to be the most suitable material for 
neurotrophin transport for inner ear therapy [13].  
Preparation of electrically conducting material is also key aspect of nerve tissue 
engineering. In this case, by the process of chemical oxidation, emulsion 
polymerization, was prepared the highly conductive polypyrrole/graphene 
nanocomposite (PYG), which was used to produce new conductive porous scaffolds 
based on gelatin/chitosan matrix. An examination of the different properties of 
scaffolding was carried out, depending on the PYG content. Tests revealed significant 
biocompatibility of Schwann cells and a low PYG. The composite of 
gelatin/chitosan/PYG has potential to be used in nerve tissue engineering for 
applications which electrical stimulation plays an important role [14].  
Another usage of the PPy film is covering semiconductor. It prevents passivation of its 
surface and at the same time allows the formation of the electron holes, which pass to 
the polymer (PPy film stabilizes semiconductor surface against degradation while 
permitting electron exchange with the electrolyte). Such systems were studied for 
example for GaAs anodes. It was demonstrated that such polymer films prevent 
photodegradation of the semiconductor, probably by impeding ion/solvent transport. 
The short-circuit photocurrent for the bare (unprotected) semiconductor drops very 
quickly (within a few minutes), probably because of formation of an insoluble 
blocking surface layer of photodecomposition product, while for PPy-coated 
photoanodes stays basically the same. The PPy coating also affords n-GaAs electrodes 
protection from dissolution in aqueous electrolytes although in this case, stabilization 
is less obvious. If the surface is roughened before the film deposition it appears to 
improve adhesion [15].  
During the last two decades, attempts had been made to manufacture junction devices 
using conducting polymers as an active material, which can replace the conventional 
anorganic semiconductors in the fabrication of photosensitive junctions in electronic 
and optical devices, such as solar cells. From this point of view, conducting polymer 
thin films have received big interest in many application fields because of their 
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chemical, physical, and mechanical properties. It has the characteristics of high 
sensitivities, short response times, and optimum performance at room temperatures. 
Since low-cost and easy manufacturing methods need to be employed for the 
fabrication of solar cell devices, PPy is suitable for its rather easy preparation, where 
pyrrole monomer is easily oxidized [16].  
 
2.2 Molecular modeling 
Molecular modeling serves as an efficient and effective tool for designing new 
functional nanostructures - nanomaterials with the required properties (allowing 
control of properties). It assumes the relationship between structure and properties of 
nanomaterials. The prediction of structure and properties saves material and energy to 
technologists. The energy of the system (molecules) can be imagined as a potential 
area where each shape of the molecule corresponds to the energy at that point. The 
molecular modeling method uses the calculation of the most stable configurations 
based on energy optimization of structures - the search for the minimum on the 
potential area of energies. In principle, we can divide it into molecular mechanics, 
molecular dynamics and classical molecular dynamics. Molecular mechanics 
optimizes structure and bond geometry by minimizing potential energy described by 
empirical force fields. In this case, kinetic energy equals zero. On the other hand, 
molecular dynamics utilizes the kinetic energy in the system and, depending on time, 
allows to study dynamic processes. In this thesis, molecular mechanics was used.  
Chemists see molecules from the perspective of bond angles, bond lengths 
and dihedral angles. All this info is also included in the series of Cartesian coordinates 
for the constituent atoms (molecule containing N atoms has 3N Cartesian coordinates). 
Scientists who deal with spectroscopy are overall interested in finding a group of 
equilibrium, geometric parameters, and force constants that corresponds perfectly with 
their experimental data. They want a force field (containing force constants, 
equilibrium quantities, and every other comprised parameter) that is specific 
for a given molecule. They want their incredibly accurate measurements to agree with 
theory. If the force field contains only chemical terms (like bond lengths, bond angles 
and dihedral angles) it is denoted as a valence force field. Molecular modelers want 
a force field that can be transferred from molecule to molecule (for example to predict 
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the geometry of a new molecule using data they get from other kindred molecules). 
They make use of the bond concept referring to traditional ideas that a molecule 
is a number of bonded atoms and a large molecule consists of the same properties as 
small molecules but combined in different ways [17].  
Empirical force fields are used for description of the potential energy of a system in 
molecular mechanics. It is a complex of empirical parameters which characterise 
bonding energy of two, three resp. four atoms. Those parameters are bond lengths, 
bond angles, torsion angels and nonbonding interactions. 
Parameters and functional forms are the essential infrastructures of molecular 
mechanics and dynamics force fields. Unfortunately, the popular force fields, based on 
the classic work in the field, are limited to particular combinations of atoms, for 
example, those of proteins, organics, or nucleic acids [18]. 
In order to assist the progress of studies of a variety of atomic associations, a new 
force field has been developed using general rules for estimating force field parameters 
based on simple relations. This set of fundamental parameters depends only on the 
element, its hybridization, and connectivity. This new force field is declared as 
a Universal force field (UFF) [18].  
The angular distortion functional forms in UFF are chosen to be physically reasonable 
for large amplitude displacements. The parameters worked with to generate the UFF 
involve a set of hybridization dependent atomic bond radii, van der Waals parameters, 
a set of hybridization angles, torsional and inversion barriers, and a set of effective 
nuclear charges. The elements in the UFF periodic table are the atom types. Atoms of 
the same type may only be similar physically and chemically, yet, as the norm says, 
they are treated alike in the force field. The UFF has 126 atom types [18]. 
The potential energy of an arbitrary geometry for a molecule is written as 
a superposition of various two-body, three-body, and four-body interactions. The 
potential energy is signified as a sum of valence or bonded interactions and nonbonded 
interactions: 
𝐸 = 𝐸𝑅 + 𝐸𝜃 + 𝐸𝜙 + 𝐸𝜔 + 𝐸𝑣𝑑𝑤 + 𝐸𝑒𝑙  (1) 
ER – bond stretching, Eθ – bond angle bending, Eϕ – angle torsion,  
Eω – inversion terms, Evdw – van der Waals terms [18].  
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The valence interactions consist of bond stretching and angular distortions (bond angle 
bending, dihedral angle torsion, and inversion terms). The nonbonded interactions 
consist of van der Waals and electrostatic terms. The UFF describes the bond stretch 
interaction as either a harmonic oscillator: 
𝐸𝑅 =
1
2
𝑘𝐼𝐽(𝑟 − 𝑟𝐼𝐽)
2
  (2) 
or as the Morse function:  
𝐸𝑅 = 𝐷𝐼𝐽[𝑒
−𝛼(𝑟−𝑟𝐼𝐽) − 1]
2
 (3) 
Where kIJ is the force constant in units of (kcal/mol)/Å2, rIJ is the standard or natural 
bond length in Å, DIJ is the bond dissociation energy (kcal/mol), and α is: 
𝛼 = [
𝑘𝐼𝐽
2𝐷𝐼𝐽
⁄ ]
1
2⁄
 (4) 
The Morse function is a more precise description since it implicitly includes 
anharmonic terms near equilibrium (rIJ) and leads to finite energy (DIJ) for breaking 
bonds [18].  
The natural bond length rIJ (with parameters for a harmonic form of the bond stretch) is 
presumed to be the sum of atom type specific single bond radii, a bond order 
correction, and an electronegativity correction: 
𝑟𝐼𝐽 = 𝑟𝐼 + 𝑟𝐽 + 𝑟𝐵𝑂 + 𝑟𝐸𝑁 (5) 
rI, rJ – single bond radii, I, J – atom centres [18].  
General Fourier expansions are employed in the UFF to describe all angular distortions 
because the expansions can be constructed: (a) to have derivatives that are singularity 
free, (b) to have the corresponding distortions for the large amplitude motions found in 
molecular dynamics simulations, and (c) so that the Cn coefficients can be simply 
chosen to satisfy suitable, physically justified, boundary conditions [18].  
𝐸𝛾 = 𝐾∑ 𝐶𝑛 cos 𝑛𝛾
𝑚
𝑛=0  (6) 
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In UFF, the angle bend term is described with a small cosine Fourier expansion in θ: 
𝐸𝜃 = 𝐾𝐼𝐽𝐾 ∑ 𝐶𝑛 cos 𝑛𝜃
𝑚
𝑛=0 ,  𝐾𝐼𝐽𝐾 = (
𝜕2𝐸
𝜕𝜃2
)
0
        (7), (8) 
KIJK – angle bend force constant, Cn – coefficient, θ – bending angle [18].  
where the coefficients Cn, are chosen to satisfy suitable boundary conditions including 
that the function has a minimum at the natural bond angle θ0. The torsional terms for 
two bonds IJ and KL connected via a common bond JK is described with a small 
cosine Fourier expansion in ϕ: 
𝐸𝜙 = 𝐾𝐼𝐽𝐾𝐿∑ 𝐶𝑛 cos 𝑛𝜙𝐼𝐽𝐾𝐿
𝑚
𝑛=0  (9) 
where KIJKL and the coefficients Cn, are determined by the rotational barrier Vϕ, the 
periodicity of the potential, and the equilibrium angle. For UFF, a one- or two-term 
cosine Fourier expansion in ω is used for atoms I bonded precisely to three other atoms 
J, K, L: 
𝐸𝜔 = 𝐾𝐼𝐽𝐾𝐿(𝐶0 + 𝐶1 cos𝜔𝐼𝐽𝐾𝐿 +𝐶2 cos 2𝜔𝐼𝐽𝐾𝐿) (10) 
where KIJKL is the force constant in (kcal/mol), and ωIJKL is the angle between the IL 
axis and the IJK plane. Nonbonded interactions (van der Waals forces) are included in 
the Universal force field. A Lennard-Jones potential expression is used: 
𝐸𝑣𝑑𝑤 = 𝐷𝐼𝐽 {−2 [
𝑥𝐼𝐽
𝑥
]
6
+ [
𝑥𝐼𝐽
𝑥
]
12
} (11) 
where DIJ is the well depth in kcal/mol and xIJ is the van der Waals bond length in Å. 
The valence parameters discussed in the above sections were obtained without partial 
charges. When included, electrostatic interactions are calculated by: 
𝐸𝑒𝑙 = 322,0637(
𝑄𝑖𝑄𝑗
𝜀𝑅𝑖𝑗
) (12) 
Qi and Qj are charges in electron units, Rij is the distance in Å, and ε is the dielectric 
constant. The default dielectric constant is 1 for UFF, and no distance cutoff is used. 
The partial charges are obtained using QEq charge equilibration. With UFF the usual 
convention of excluding van der Waals and electrostatic interactions for atoms that are 
bonded to each other or bonded to a common atom [18].  
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UFF is force field constructed from simple rules and atomic parameters and is capable 
of reproducing most structural features across the periodic table with errors less than 
0.1 Å in bond distances and 5° to 10° in angle bend [18].  
Molecular mechanics tends to be concerned about the search for minimum on the 
molecular potential energy plain of large molecules. This problem is denoted as an 
optimization theory. The first manual calculations for the molecular mechanics 
optimization were made by F. H. Westheimer in 1956. J. B. Hendrickson was later the 
first one, who has done the computer calculations. Unfortunately, their methods were 
not appropriate and applicable for molecules. Over the years, many algorithms have 
been developed (some of them suitable for molecular mechanics, some for quantum 
mechanics). The molecular mechanics must deal with large molecules whose 
molecular potential energy is dependent on hundreds or thousands of variables. On the 
other hand, assessment of the potential energy at each point on the hypersurface is 
comparatively quite easy. Optimization methods can be divided by the fact if they use 
or do not use derivatives. Methods using derivatives can be also divided into first–
order derivative methods (they use gradient) and second–order derivative method (use 
both gradient and Hessian). From many algorithms only three will be described and are 
used in geometry optimization in this thesis. All three algorithms described below are 
part of a cascade of methods called “Smart” algorithm and are iterative. The Smart 
algorithm consist of Steepest descent algorithm, algorithm of conjugated gradients, and 
Quasi-Newton algorithm. Iterative algorithms start at initial point and then they move 
on in cycles (in accordance with the algorithm) to the stationary point. Each one of the 
cycles is called an iteration [17]. 
The first method is a first–order method Steepest descent. This optimization algorithm 
is the easiest one. It is commonly used on the start of the optimization process when 
the starting point is far away from the minimum of the potential energy plane. The 
method starts from a point on a potential energy surface and each and every step 
recognizes the direction of the greatest change of the potential plane (in the direction 
of the greatest negative gradient). Every next step has to be only perpendicular to the 
previous step. This forces every other step to make a right–angle turn at every point 
even it is not the best way to the minimum. This can also make the algorithm 
oscillating in flat areas on potential energy plain. The algorithm continues until a value 
of the gradient falls under the pre-set value of convergence criterium [17]. 
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The second method also belongs to the first–order methods. It is an algorithm 
of conjugated gradients. It is similar as the Steepest descent algorithm but beside it 
uses all previous gradients and not only the one in the specific point, and subsequent 
gradients do not need to be perpendicular to each other – this enables faster and 
narrower path to the minimum. Conjugated here are not gradients but directions (more 
appropriate name would be algorithm of conjugated directions). It means that direction 
in next step does not interrupt the minimum from previous step. Output of this method 
is a set of directions that surpass the oscillatory behaviour of Steepest descent 
algorithm in flat area therefore it is placed after it in the cascade [17].  
The third and last method is a Quasi–Newton algorithm and is included in second–
order methods. This method is used when computing Hessian in iteration step is not 
possible or too hard to compute. In Quasi–Newton the Hessian matrix 
does not need to be computed and is replaced by its approximation. The approximation 
can be computed by various methods e.g. DFP (or Davidon, 1959, and Fletcher and 
Powell, 1963) or BFGS (for Broyden, 1969, Fletcher, 1970, Goldfarb, 1970, and 
Shanno, 1970). The BFGS is generally considered as the best performing method.  The 
Hessian is updated by analysis of successive gradient vectors instead. It restricts the 
solution by adding an insignificant update to the current estimate of the Hessian [19].  
A Gasteiger method was used for calculation of atomic charges of PPy chains. It is 
a rapid calculation of atomic charges in organic molecules with σ–bonded and 
nonconjugated π–systems. The good approximation, it suffices to consider the identity 
of the individual atoms and their connectivity to reproduce the charge distributions in 
molecules. The calculation only considers the connectivity of the atoms because they 
are characterized by their orbital electronegativities. Therefore, only the topology 
of a molecule is important. A partial equalization of orbital electronegativity 
is obtained through an iterative process. Thus, the topology of a molecule determines 
the nature of the electron distribution [20]. 
The Gasteiger method is not suitable for calculation of atomic charges of used 
substrates so, in this case a charge equilibration method (QEq) was used. Knowledge 
of the charge distribution within molecules is essential for determining the electrostatic 
energies (including hydrogen bonding) in molecular mechanics and molecular 
dynamics calculations. The charge equilibration (QEq) approach allows the charges to 
respond to changes in the environment, including those in applied fields, and can be 
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applied to any material (polymer, ceramic, semiconductor, biological, metallic). It is 
a great way how to predict charges of large molecules based only on geometry and 
experimental atomic properties [21]. 
In order to estimate the equilibrium charges in a molecule, first needs to be considered 
how the energy of an isolated atom changes as a function of charge. Using a neutral 
reference point, the energy of a single atom A can be written using Taylor´s 
polynomial (including only terms through second order) as: 
𝐸𝐴(𝑄) = 𝐸𝐴0 + 𝑄𝐴 (
𝜕𝐸
𝜕𝑄
)
𝐴0
+ 1/2𝑄𝐴
2 (
𝜕2𝐸
𝜕𝑄2
)
𝐴0
 (13) 
where  𝐸𝐴(0) = 𝐸𝐴0  and 𝑄𝐴  is charge of the atom A. Energy for atom with charge 
Q= (+1) is then expressed as: 
𝐸𝐴(+1) = 𝐸𝐴0 + (
𝜕𝐸
𝜕𝑄
)
𝐴0
+ 1/2 (
𝜕2𝐸
𝜕𝑄2
)
𝐴0
 (14) 
and energy for atom with charge Q= (-1) as: 
𝐸𝐴(−1) = 𝐸𝐴0 − (
𝜕𝐸
𝜕𝑄
)
𝐴0
+ 1/2 (
𝜕2𝐸
𝜕𝑄2
)
𝐴0
 (15) 
Chemical potential of the single atom A is then determined from a difference of 
equations for Q= (±1) like: 
𝜒𝐴
0 = (
𝜕𝐸
𝜕𝑄
)
𝐴0
=
𝐼𝑃+𝐸𝐴
2
 (16) 
where IP and EA are the ionization potential and electron affinity defined as: 
𝐼𝑃 = 𝐸𝐴(+1) − 𝐸𝐴0,  𝐸𝐴 = 𝐸𝐴(−1) − 𝐸𝐴0 (17) 
From the sum of the equations for Q= (±1) then we get the formula for repulsion of 
electrons in an orbital: 
𝐽𝐴𝐴
0 = (
𝜕2𝐸
𝜕𝑄
)
𝐴0
= 𝐼𝑃 − 𝐸𝐴 (18) 
After fitting chemical potential and repulsion into formula for energy of a single atom 
we get equation: 
𝐸𝐴(𝑄) = 𝐸𝐴0 + 𝜒𝐴
0𝑄𝐴 + 1/2𝐽𝐴𝐴
0 𝑄𝐴
2 (19) 
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When we consider two (or more) atomic systems, in the repulsion summation needs to 
be taken into account also a distance between the atoms: 
𝐽𝐴𝐴
0 =
14,4
𝑅𝐴
0  (20) 
where 14,4 is a value of a conversion factor that allows 𝑅𝐴
0to be in Å and 𝐽𝐴𝐴
0  to be in 
eV. The equation for multiatomic system then is: 
𝐸(𝑄1, …𝑄𝑁) = ∑ (
𝑁
𝐴=1 𝐸𝐴0 + 𝑄𝐴𝜒𝐴
0) +
1
2
∑ ∑ (𝑄𝐴𝑄𝐵𝐽𝐴𝐵)
𝑁
𝐵=1
𝑁
𝐴=1  (21) 
The QEq method uses only effortlessly available experimental data (atomic radius, 
atomic IP, and atomic EA) and for that reason can be applied to any combination of 
atoms [21]. 
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2. Practical part 
3.1 Preparation of polypyrrole thin films 
3.1.1 Used materials 
All used chemicals – pyrrole, ferric chloride and methanol – were purchased from 
Lach–Ner, Czech Republic. Microscope slides, made from soda lime glass with 
dimensions 26mm×26mm×1mm, purchased from Paul Marienfeld GmbH & Co. KG, 
Germany, were used as a glass substrate. Polyethylene terephthalate (PET) foil was 
purchased from RAYFILM s.r.o., the Czech Republic. Silicon wafers (100) were 
obtained from ON Semiconductor Czech Republic, s.r.o.  
 
3.1.2 Method of synthesis 
PPy layers were prepared by oxidative polymerization of the solution of pyrrole by 
ferric chloride. This process was selected as the easiest one from various processes that 
were studied in a literature review [3], [11], [22]-[26]. It does not need any special 
equipment, and the preparation is carried out at room temperature. The water solution 
of the monomer (pyrrole) was prepared in three different concentrations 0.15; 0.4; and 
0.8 M. The water solution of the oxidizing agent (FeCl3) had 0.2 M concentration. 
Before the polymerizations, substrates were cleaned with soap and then rinsed with 
distilled water and ethanol. Afterwards, they were taped with an adhesive tape from 
the bottom to secure the growth of a layer on only one side. They were then placed into 
the Petri dish (or beaker) by taped side facing the bottom leaving an additional strip of 
adhesive tape secured to the side of the dish for easier pulling out. The solution of 
monomer was dropping into the petri dish filled with the solution of oxidizing agent, 
and the substrate on the bottom (drops did not fell directly on the substrate – only near 
it). Time of the dropping was 2 hours, and after that, the solution stood still for 30 
minutes. The substrate was then taken out and rinsed with distilled water and 
methanol. Lastly, it was dried by flowing air to speed up the drying process. The 
polymerization process starts immediately after the start of the drip. The water solution 
of the oxidizing agent (FeCl3) turns from colorless to black within the period of time. It 
is though interesting that after all monomer in the solution is consumed in the 
polymerization process, the solution is then clear again and all product sticks to 
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beakers walls and bottom (there is also formed a thin crust on the surface of the 
solution).  
Furthermore, the preparation process with the same input components was tried, but 
with different placement of the glass substrate. While was the glass substrate was hung 
up, the resulted layers have not created homogeneous cover of the substrate. Further, 
the substrate was placed by taped side up, and hung in the middle of the oxidant 
solution horizontally with the bottom. Thus, layers appeared homogeneous, were 
transparent but did not conduct (B series of prepared samples). 
The other prepared layers were hung in the beaker by the taped side facing the bottom, 
and the solution was stirred to the lowest possible degree. Both the dropping and 
polymerization time were only 30 minutes (60 minutes total) and monomer and 
oxidant solutions were doubled (60 ml) while maintaining concentrations (0.2 M 
FeCl3, 0.15 / 0.4 / 0.8 M Pyrrol). The layers were removed from the solution and 
washed with distilled water and methanol, followed by drying. The resulting layers 
were not homogeneous, and even at the lowest possible degree of stirring, the vortex 
was visible on the layers. 
Additionally, layers with a combination of ammonium peroxodisulfate (APS) and 
FeCl3 as an oxidizing agent (0.01 M APS + 0.01 M FeCl3 solution) were prepared. 
The monomer solution also had a concentration of 0.01 M. The APS and FeCl3 
solutions were mixed in the beaker (25 mL + 25 mL) and stirred for 15 minutes. The 
glass was hung in the beaker, taped with adhesive tape on one side. A solution of the 
monomer (50 ml of 0.01M) was added dropwise - in the original procedure, add until 
the solution turns black - even after adding 50 ml of the monomer solution, the 
solution was completely black. A "black border" appeared at the bottom of the beaker, 
but it did not blacken the entire volume. After 30 minutes, the slides were removed and 
washed twice with distilled water. No layer was created. 
The Modification of the 1. successful preparation process (described above) by 
changing the oxidizing agent for APS did not lead to anything meaningful. The layers 
were washed from the slides by washing with water and methanol in final steps. 
Prepared samples and used materials for each sample are summarized in Table 1.  
Samples were denoted as 
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N_X_S, 
Where N is letter differing the samples by the order of preparation, X stands for the 
concentration of the pyrrole solution used in sample preparation, and S means the type 
of used substrate (e.g., G is glass, PET is polyethylene terephthalate foil, and Si is 
silicon wafer). In the beginning, I wanted to name the samples by the day of 
preparation but that would mean an unnecessarily long name for further analysis, so I 
denoted the samples according to the used substrate with the information of the order 
of preparation hidden in the first letter of the sample’s name. 
 
Table 1 List of prepared samples and used materials for each sample. 
Sample 
CPPy 
[mol/dm3] 
VPPy [dm3] 
Oxidizing 
agent 
CFeCl3 
[mol/dm3] 
VFeCl3 
[dm3] 
Substrate 
A_0,15_G 0,15 0,03 FeCl3 0,2 0,03 glass 
A_0,4_G 0,4 0,03 FeCl3 0,2 0,03 glass 
A_0,8_G 0,8 0,03 FeCl3 0,2 0,03 glass 
B_0,15_G 0,15 0,03 FeCl3 0,2 0,03 glass 
B_0,4_G 0,4 0,03 FeCl3 0,2 0,03 glass 
B_0,8_G 0,8 0,03 FeCl3 0,2 0,03 glass 
C_0,15_G 0,15 0,03 FeCl3 0,2 0,03 glass 
C_0,4_G 0,4 0,03 FeCl3 0,2 0,03 glass 
C_0,8_G 0,8 0,03 FeCl3 0,2 0,03 glass 
D_0,15_PET 0,15 0,03 FeCl3 0,2 0,03 PET foil 
D_0,4_PET 0,4 0,03 FeCl3 0,2 0,03 PET foil 
D_0,8_PET 0,8 0,03 FeCl3 0,2 0,03 PET foil 
E_0,15_Si 0,15 0,03 FeCl3 0,2 0,03 Si wafer 
E_0,4_Si 0,4 0,03 FeCl3 0,2 0,03 Si wafer 
E_0,8_Si 0,8 0,03 FeCl3 0,2 0,03 Si wafer 
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Fig. 6 The picture of the sample E_0,8_Si. 
In the Fig. 6 there is a photo of prepared layer on Si wafer substrate. All prepared 
layers looked alike. They were black, homogenous and uniform. 
 
3.2 Analysis of prepared samples 
The conductivity measurements were performed for prepared samples. After that the 
samples were analysed with optical microscope and Raman spectroscopy. The 
interaction energy was also compared within substrates by molecular modeling. 
Conductivity measurement: The conductivity of prepared samples was obtained by an 
indirect method (subsequent calculation) from the measurement of a currnet of the 
samples. The instrumentation for measurement consists of 2 flat electrodes (3 mm 
apart) connected to the source, the data collected from the electrodes were 
subsequently digitally transferred to the computer. The measurement was carried out in 
period of 300 s with the voltage set to 1V. The conductivity was then calculated from 
an average value of measured current. 
Optical microscopy: Measurement was performed on Digital microscope VHX 
(Keyence Corporation, Japan). A scratch was made on the sample (through the layer to 
the substrate) where a surface image was taken at various magnifications, though it 
showed that 1000 times magnification was most clear in layers´ description. Also, 
a 3D image of the surface was created by a 3D measurement of the surface by the 
microscope. This 3D image was further processed in the Gwiddyon software where it 
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was possible to obtain the average thickness of the preparade layer by interleaving the 
3D surface image by curves. 
Raman spectroscopy: Raman spectra were collected on Smart System XploRATM 
(Horiba Jobin Yvon, France) using 532 nm laser source. An Olympus microscope BX 
41/51 with an objective magnification of 100 was used to focus the laser beam on the 
sample placed on an X–Y motorized sample stage. The filter was used to reduce laser 
beam to 1% of the initial laser beam (in case of foils and glass substrate), and 10% (in 
case of silicon wafer substrate) and grating 1800 grooves/mm were used. Acquisition 
time was set to the 30 s. All discussed spectra were calculated as average spectra from 
measurements in different points in each sample. 
Molecular modeling: Models were prepared in BIOVIA Materials studio v0.7. I 
prepared series of atomistic models for each type of substrate differing by a number of 
PPy chains, their position on the substrate, and their tilt. All prepared models were 
built with polaron chains of PPy (charge 2+ per 10 mers) and adequate amount of Cl- 
ions to compensate the charge of PPy chains. Charges for PPy chains, and PET 
substrate were calculated by Gasteiger method [20]. Charges for Silicon structure, and 
a glass substrate were calculated by QEq approach [21]. Silicon substrate was built 
from the imported structure of pure Si from the library of Materials Studio software. 
PET substrate was built according to it crystal structure by knowing the position of 
each atom in the basic cell [27]. However, building a model of the glass substrate was 
a little more complicated. First, an analysis of the glass slide was made to know exact 
compounds of the glass. This revealed that it is made of soda lime glass that contains 
sodium and calcium ions. I found a creation process of model of such type of glass and 
followed its´ steps [28]. First, I needed to accommodate used dimensions of the cell to 
be able to contain the PPy chains and to maintain density described in the process I 
followed. After creating a cell of proper parameters containing an appropriate quantity 
of atoms, the modelled structure was subjected to simulated annealing (NVT, 
Universal force field [18], initial temperature 300 K, mid-cycle temperature 6000 K, 2 
or 6 anneal cycles). Afterwards, the atoms in the selected model (according to the 
lowest total potential energy) were optimized in module Forcite (Universal force field 
[18], smart algorithm). The bonds were then added to this model and it was again 
optimized under the same conditions. Then the optimized structure was cleaved into 
the surface along (0 0 1) plane. All prepared substrates were built with 30 nm high 
vacuum slab. For each substrate, the models contained 1, 3 or 4 PPy chains. After 
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preparatiom, the models were optimized in Forcite module (Universal force field [18], 
smart algorithm), the maximum amount of iterations was set to 5∙105 and pressure was 
set to 101 325 Pa. The calculation was done when potential energy has reached the 
accuracy of 0.001 kcal/mol and the force reached an accuracy of 0.5 kcal/mol/Å. For 
each substrate, energies were summarized and compared in order to reveal how does 
the position of PPy chains on the substrate affects the interaction energy.  
 
3.3 Results   
3.3.1 Results of analysis 
Conductivity measurement: Following table () contains average values of conductivity 
σ calculated from the formula: 
𝜎 =
𝑙𝐺
𝑆
, 𝐺 =
1
𝑅
=
𝐼
𝑈
 
Where l is distance between electrodes in m, S is the cross-sectional area of the 
conductor (here defined by the length of the electrode, and layer’s thickness) in m2, G 
is electrical conductivity defined as an inverted value of a resistance, I is current in A, 
and U is voltage in V. After fitting, the formula for σ is: 
𝜎 =
𝑙 ∙ 𝐼
𝑆 ∙ 𝑈
 
The conductivity unit is S/m [29]. Table 2 gives an overview of prepared samples, 
their calculated conductivities, measured average values of current, and thickness of 
prepared layers. 
 
Table 2 List of calculated and measured values of conductivity, current and layer 
thickness for all prepared samples. 
Name of 
sample 
Conductivity 
[S/m] 
Average current 
[μA] 
Layer thickness 
[μm] 
Average 
deviation for 
layer thickness 
A_0,15_G 2,54 1678,52 79,32 8,76 
A_0,4_G 9,41 9609,32 122,58 10,01 
A_0,8_G 10,67 17147,98 192,88 40,71 
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B_0,15_G - -  -  - 
B_0,4_G - -  -  - 
B_0,8_G - -  -  - 
C_0,15_G 2,72 2617,31 115,28 65,50 
C_0,4_G 5,03 9032,12 215,43 7,07 
C_0,8_G 1,04 2983,39 343,65 30,05 
D_0,15_PET 0,62 179,76 34,72 14,30 
D_0,4_PET 1,84 1363,84 89,19 24,97 
D_0,8_PET 1,15 992,67 103,75 15,55 
E_0,15_Si 2,21 1415,23 76,83 6,17 
E_0,4_Si 7,67 6997,84 109,52 27,59 
E_0,8_Si 10,79 14235,72 158,33 12,22 
 
If we look at the prepared layers from the point of view of conductivity, we can say 
with certainty that PET substrate is the worst one and Si, and glass substrates are on 
the same level. The conductivity measured on Si substrate shows increasing trend in 
comparison with other substrates, however, this trend occurred on the first samples (A) 
prepared on the glass substrate but it was not confirmed on the third prepared samples 
(C) which were prepared as controlling samples to confirm the correctness of the 
preparation process. This deviation can be caused by different conditions (temperature, 
humidity) of preparation in the laboratory, because the samples were prepared in 
another part of year which could influence the temperature in the lab. Second prepared 
samples (B) on glass had a different position of the substrate in the petri dish. The 
glass was hung up in the petri dish by the taped side facing up. In the performed 
conductivity measurement, this sample did not conduct at all. From the point of view 
of layer thickness, the Si and glass substrates have similar values in comparison with 
PET foil, which has the lowest values for layer thickness.  
Optical microscopy: Optical microscope analysis gives an interesting closer look at the 
structure of the prepared PPy layers. Even if layers look smooth for the first sight, 
from the closer look can be said that they consist of two sublayers that can be 
distinguished as a glossy wrinkled layer (occurring in all prepared samples) covered 
with dendritic PPy (which does not occur in non-conductive layers). The fact that 
dendritic PPy is not on the non-conductive layers leads me to the conclusion that it is 
worth conductivity of the other prepared layers. In following figures (Fig. 7 – Fig. 16) 
are compared presented microscope pictures of all prepared samples. 
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Fig. 7 Picture of the surface of the sample A_0,15_G; the 3D image of the sample´s 
surface. 
 
In Fig. 7 on the left, there is measured the surface of the sample A_0,15_G measured 
at 1000 times magnification (1000x). There is visible glossy wrinkled layer lying 
directly on the glass substrate. On the wrinkled layer is then visible dendritic PPy. On 
the right, there is a 3D map of the surface. 
   
Fig. 8 Picture of the surface of the sample A_0,4_G; the 3D image of the sample´s 
surface. 
 
In the Fig. 8, the dendritic PPy can be seen to form tufts (clumps), while the glossy 
wrinkled layer forms a uniform surface that is disturbed by the scratch created for 
measurement. Also measured at 1000x magnification. 
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Fig. 9 Picture of the surface of the sample A_0,8_G (left); the 3D image of the 
sample´s surface (right). 
 
On the sample with the highest concentration of Py solution (A_0,8_G), there is 
a much larger amount of dendritic PPy than on the sample with the lowest 
concentration of Py (A_0,15_G). Here, the dendritic PPy essentially completely covers 
the glossy wrinkled layer, which is only visible at the point where the dendritic PPy 
was wiped off the glossy wrinkled layer during formation of the scratch (Fig. 9). 
 
Fig. 10 Image of the sample´s surface (left), and 3D surface´s image (right) of sample 
B_0,15_G. 
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At a low Py concentration, the wrinkled layer in non-conducting samples was not 
formed uniformly, but in the form of bubbles (Fig. 10). From the 3D image of the 
surface, after comparison with the first prepared samples (A series), it is obvious that 
the layer has only a fraction of the thickness of the conductive samples. Again, 1000x 
magnification was used. 
 
 
Fig. 11 Image of the sample´s surface (left), and 3D surface´s image (right) of sample 
B_0,4_G. 
Increasing concentration of Py solution resulted in the formation of a uniform glossy 
wrinkled PPy layer on the glass surface (Fig. 11). There is none dendritic PPy, visible 
on B series of samples, which occurs at all other samples series. The measurement was 
performed at 1000x magnification. 
 
 
Fig. 12 Image of the sample´s surface (left), and 3D surface´s image (right) of sample 
B_0,8_G. 
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The Fig. 12 shows a uniform surface of the glossy wrinkled PPy layer, which occurs at 
the sample prepared with the highest concentration of Py solution (B_0,8_G). 
 
Fig. 13 Pictures of D series of samples prepared on the PET foil substrate; a) The 
sample D_0,15_PET; b) The sample D_0,4_PET; c) The sample D_0,8 PET. 
 
Samples were measured at 1000x magnification. Unlike the series of samples prepared 
on the glass, there is only a little visible difference between the concentrations of the 
starting Py solutions. Again, there is a wrinkled layer on the samples, which in this 
case is not as glossy as at the samples prepared on the glass. The amount of dendritic 
PPy is very similar in all samples prepared on the PET substrate (Fig. 13). 
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Fig. 14 Picture of the surface of the sample E_0,15_Si (left); the 3D image of the 
sample´s surface (right).  
 
The layer made on the Si wafer substrate appears to be much smoother compared to 
the samples made on the glass. Again, there is a wrinkled layer on which is a shrub 
PPy. This image (Fig. 14) was taken with only 200 times magnification. 
 
 
Fig. 15 Picture of the surface of the sample E_0,4_Si (left); the 3D image of the 
sample´s surface (right). 
 
In comparison with the samples on a glass substrate, the layer can be easily “wiped” 
from the Si wafer substrate. The wrinkled layer is visible at the edges of the scratch, 
otherwise, it is completely homogeneously covered with dendritic PPy (Fig. 15). In 
this measurement, the magnification was also 200x. 
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Fig. 16 Picture of the surface of the sample E_0,8_Si (left); the 3D image of the 
sample´s surface (right). 
 
Unlike the previous two samples, this measurement was performed at a 1000 times 
magnification. On the far right (on the picture of the sample´s surface), the Si wafer 
surface itself is visible, on which, more to the left, there is visible a wrinkled layer. On 
the far left can be seen the dendritic PPy (Fig. 16).  
The 3D images of the surface of prepared samples are in full resolution enclosed in 
Attachment B. 
Raman spectroscopy: Average values of measured Raman scattering spectra of the 
prepared layers were compared for the individual concentration (of Py solution) values. 
In one figure, the spectra of one concentration, for each used substrate – glass 
(conductive and non-conducting samples), PET foils, and the silicon wafer, are 
compared. Table 3 shows measured wavenumbers of all measured series of samples.  
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Table 3 Measured wavenumbers of all measured series of samples. 
A series of 
samples 
B series of 
samples 
D series of 
samples 
E series of 
samples 
 
 
0,15 0,4 0,8 0,15 0,4 0,8 0,15 0,4 0,8 0,15 0,4 0,8 [
𝑚𝑜𝑙
𝑑𝑚3
] 
 930 927 927 937 938 938 948 926 940 933 929 930 
[c
m
-1
] 
A 
969 968 968 977 979 976 976 988 980 972 969 969 B 
1049 1049 1049 1056 1058 1058 1053 1063 1059 1075 1068 1064 
C 
                  1075 1085 1082 
1250 1249 1245 1259 1261 1253       1241 1245 1246 D 
1354 1361 1374 1347 1344 1340 1370 1387 1344 1377 1372 1370 E 
1582 1577 1576 1586 1587 1588 1583 1585 1580 1587 1586 1585 F 
A → C-C ring deformation (b); B → C-C ring in-plane deformation (p); 
C → Symmetric C-H in-plane bending, N-H in-plane deformation with radical cation 
(p); D → quinoid bipolaron structure (b); E → C-C in-ring, C-C inter-ring, C-N 
antisymmetric in-ring (o); F → C=C in-ring and C-C inter-ring in the backbone (o); 
p – polaron; b – bipolaron; o – overlapping of polaron and bipolaron. 
 
The spectra contain characteristic bands for PPy. The main band of PPy is located at 
~1580 cm−1 and is assigned to C=C in-ring and C-C inter-ring in the backbone and 
arises from polaron and bipolaron structures.  Broadband in the range 1300 – 1400 
cm−1 corresponds to the different pyrrole ring vibrations, which also is comprised with 
polaron and bipolaron structures  0[31]. Other broadband at ~1050 cm−1 belonged to 
symmetric C-H in-plane bending and N-H in-plane deformation with radical cation is 
caused by polaron structure in the PPy chain. Two bands below 1000 cm-1 
(at ~930 cm-1 and ~970 cm-1) are assigned to the C-C vibration in bipolaron and 
polaron structure, respectively. The conductivity of PPy can relate to the position of 
band belonging to vibration C=C/C-C (~1580 cm−1) [32]. Lower wavenumber of the 
band should mean better conductivity. This statement is in accordance with 
conductivity measurements of samples on glass (A) and silicon (Si). However, 
comparison of all substrates did not fit. 
All measured spectra show the very similar shape and bands ratios, but there are 
differences in case of samples on a glass substrate which are not conductive, where the 
band corresponding to the polaronic structure (~970 cm-1) is slightly more intensive 
than a band of bipolaronic structure (~930cm-1). For other sample series, glass (A), foil 
(D), and silicon (E), the most intensive is the band of bipolaronic structure or has the 
same intensity. 
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Fig. 17 Raman spectra of samples A_0,15_G; B_0,15_G; D_0,15_PET; and 
E_0,15_Si. 
 
In the Fig. 17 the major peak on the right relates to the conductivity of PPy (~1580 
cm−1) [32]. It shows, in agreement with conductivity measurement, that sample on the 
PET substrate is the least conductive, but for non-conductive sample, it shows the 
same intensity as well conductive samples (on glass and Si wafer). Spectra on foil 
substrate are very noisy, which should be probably connected with the substrate and/or 
with the thickness of the layer on the substrate. The noise of the spectra is also 
possibly connected with missing band at ~1250 cm−1 (quinoid bipolaron structure) [31]. 
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Fig. 18 Raman spectra of samples A_0,4_G; B_0,4_G; D_0,4_PET; and E_0,4_Si. 
 
The Fig. 18 shows the same phenomena at non-conductive sample as the previous one. 
The band connected with conductivity seems to have the biggest intensity for the 
sample prepared on Si wafer substrate.  
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Fig. 19 Raman spectra for samples A_0,8_G; B_0,8_G; D_0,8_PET; and E_0,8_Si. 
 
The band corresponding to the polaron structure (~970 cm-1) is slightly more intensive, 
for non-conductive sample (all in the B series) than a band of bipolaron structure 
(~930cm-1). For samples on other substrates, glass (A), foil (D), and silicon wafer (E), 
the most intensive is the band of bipolaron structure or has the same intensity as the 
band of polaron structure. From this can be said that the ratio of polarons and 
bipolarons of the wrinkled layer, which can be found without dendritic PPy only on 
non-conductive samples, and the ratio of polarons and bipolarons of the layers 
containing both the wrinkled layer and the dendritic PPy is opposite. 
Raman spectroscopy measurements should provide results that could support 
conductivity measurements in case of non-conductive samples. Unfortunately, the 
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position of the band connected with conductivity did not bring anything relevant to 
infer the results, because it´s intensity was on the same level that for well conducting 
samples. The measurement was also carried out on the surface´s spots where was only 
the wrinkled layer or only the dendritic PPy. Unfortunately, the comparison of these 
measurements did not provide any useful information. From the bipolaron and polaron 
band ratios, the comparison always came out the same way, only the non-conducting 
layers on glass have the opposite ratio of those two. Regarding the position of the 
band, which could indicate the conductivity, there was nothing interesting about what 
could be leaned and somehow inferred the results. If we wanted to continue with the 
study then, much more measurement would have to be done and it would be for a more 
thorough study. 
 
3.3.2 Results of molecular modeling 
Models studied using molecular modeling differed by the position of PPy chains 
relative to the substrate. The Fig. 20 shows PET substrate with one marked PET chain 
to show how the positions of PPy chains were divided on the substrate. 
 
Fig. 20 Model of PET substrate with a highlighted molecule of PET chain. The 
division into categories according to tilt angles between PPy and PET (PPy/PET). 
 
The positions of PPy chains on PET substrate were divided into 4 categories according 
to the angle between the highlighted molecule of PET chain and inserted molecules of 
PPy, i.e. 0°, 65°, 70°, and 90°. The position on 65° corresponds to the position of the 
PPy chain lying only on benzene rings (for more molecules of PPy, each one lies on 
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the separated line of benzene ring). The 70° position differs from the 65° by the 
placement of PPy chain on the functional groups with oxygen. The graph in Fig. 21  
corresponds to energies of the optimized models of PET with 1, 3, and 4 PPy chains. It 
contains average values for interaction energies for each category.  
 
 
Fig. 21 Energy dependence on the angle between PPy/PET. 
 
The chart shows the same trend for all models (with 1, 3 or 4 PPy chains) – models 
with PPy chains parallel to the PET chains are in comparison with models with angled 
PPy slightly better. Values used in the chart in Fig. 21 are summarized in Table 4. 
 
Table 4 Summarized average values of interaction energies for series of models on 
PET. 
Angle PPy/PET 
[°] 
1 PPY; Eint 
[kcal/mol] 
3 PPY; Eint 
[kcal/mol] 
4 PPY; Eint 
[kcal/mol] 
0 -76,34 -75,77 -75,28 
65 -75,71 -75,33 -73,08 
70 -73,59 -69,89 -68,88 
90 -75,84 -71,14 -68,43 
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Models of silicon wafer substrate were also divided into 4 categories depending on the 
angle between the substrate and PPy chains. Fig. 22 and Fig. 23 show the 0° angle and 
90° angle, respectively. The direction of the visible rows of Si atoms is (0 1 1). 
 
 
Fig. 22 Model of Si substrate with PPy chain in 0° position. 
 
 
Fig. 23 Model of Si substrate with PPy chain in 90° position. 
 
It means that in 0° category, PPy chain is parallel to the direction of the rows, and in 
the case of 90° category, it is perpendicular to this direction. The other two categories 
were 30° and 70°. They were obtained from placing the PPy chain diagonally on a 
rectangular substrate. The chart in Fig. 24 shows average values of interactive energies 
of the optimized models for Si substrate for 1, 3, and 4 PPy chains. 
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Fig. 24 Energy dependence on the angle between PPy chains and rows on Si substrate. 
 
According to the chart in Fig. 24 can be said that models with PPy parallel or 
perpendicular to the rows are slightly more energy efficient than those at an angle of 
30° or 70°. The difference increases with increasing number of PPy chains, however, it 
can be concluded that the change of Eint in dependence of angle is negligible. Values 
used in the graph in Fig. 24 are summarized in Table 5. The interaction energy 
increases with more molecules of PPy because there is also a mutual interaction 
between the chains which occurs in all prepared models on all substrates containing 
more than 1 PPy chain. In comparison with PET substrate, the scattering of values is 
greater in the case of PET substrate which is also more sensitive to the position of PPy 
chains on the substrate. This sensitivity to the positioning can relate to the lowest 
measured conductivity. Attachment of PPy chains to the benzene rings or functional 
groups with oxygen plays a key role in the case of PET substrate – individual positions 
on the substrate are not equivalent. On the contrary, Si substrate is not that sensitive to 
the changes of the position of PPy chains like PET substrate, however, little 
differences can be observed. The differences between the position of molecules of PPy 
is very small. 
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Table 5 Summarized average values of interaction energies for series of models on Si. 
Angle PPy/rows 
[°] 
1 PPY; Eint 
[kcal/mol] 
3 PPY` Eint 
[kcal/mol] 
4 PPY` Eint 
[kcal/mol] 
0 -78,94 -77,54 -63,85 
30 -78,65 -76,57 -62,54 
70 -77,54 -75,56 -61,03 
90 -78,56 -77,85 -63,82 
Since the glass is amorphous and does not have any periodicity (except for the 
periodicity imposed by periodic condition of the cell), the PPy chains were placed on it 
only randomly. There is a visible drop in interaction energy which is caused by 
interactions between the chains itself like on other substrates. Soda lime glass substrate 
model was also compared with a substrate made from quartz glass structure (obtained 
from structure library of Materials Studio) that does not contain any free ions, unlike 
soda lime glass. In Table 6 are compared average values of interaction energies of 
prepared models with 1, 3 and 4 PPy chains on a glass substrate, and with 1 PPy chain 
on a quartz glass substrate. 
 
Table 6 Summation of average values of interaction energies for models on glass and 
quartz substrate. 
model Eint [kcal/mol] 
average 
deviation 
1PPy – glass -180,45 34,45 
1PPy – quartz glass -93,83 11,84 
3PPy – glass -144,00 25,72 
4PPy – glass -136,67 25,45 
 
From values listed in Table 6 is obvious that ions and non-saturated oxygens contained 
in soda lime glass substrate have a huge influence on interaction energy which is 
higher in comparison to the quartz glass model even for models containing more than 
one PPy chain. Since the Si wafer substrate and PET foil neither contain ions, in terms 
of adhesion, the layers they less stick to these substrates, which I also felt when 
preparing and working with prepared layers. The Attachment A contains models with 
lowest interaction energy for all groups of models. 
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3. Conclusion 
In my work I successfully prepared polypyrrole layers on three different substrates. 
Prepared samples were analysed by Optical microscopy which showed that the formed 
layers consist of two “subunits” – wrinkled layer (connected directly to the substrate´s 
surface) and dendritic polypyrrole attached to the wrinkled layer. The dendritic 
polypyrrole was not present only on B series of samples, which differed from A series 
of samples by the position of the substrate in the preparation process. The B series also 
did not show any conductivity in the conductivity measurements which indicates that 
the dendritic polypyrrole can have great influence in terms of conductivity. The D 
series of samples prepared on the polyethylene terephthalate substrate showed the 
lowest conductivity from the conductive samples which was in accordance with the 
results of Raman spectroscopy analysis. However, the results of Raman spectroscopy 
did not bring any information that could infer the results for the B series of samples in 
case of conductivity, because the Raman spectra show the band, related to the 
polypyrrole conductivity, with the same intensity for both the conductive and non-
conductive samples. In further analysis, I have compiled a series of atomistic models 
that compare used substrates in terms of interaction energy of the layer with the 
substrate. The results show that position of the polypyrrole chains relative to the 
substrate has grater impact in case of the polyethylene terephthalate foil substrate in 
comparison to other substrates. The position of the molecules of polypyrrole also has 
an impact in case of the Si wafer substrate, but it is not as high as on the foil substrate. 
The glass substrate is amorphous, so it does not provide any other possibilities of 
arrangement than according to the outer boundary of the model (cell structure). The 
prepared glass substrate was compared with the SiO2 quartz glass structure obtained 
from Materials Studio library. This comparison showed that free ions and non-
saturated atoms of oxygen have great impact to the interaction energy, because the 
interaction energy is lowest for models prepared on the glass substrate. Unfortunately, 
I was not able to correctly explain the deviation in data obtained for non-conducting 
layers which gives the opportunity to follow up on this work in subsequent research. 
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